The wide application of large inertia loads in space drive mechanisms is relatively rare in theoretical research. An 8-degree-of-freedom nonlinear dynamic model is established for the time-varying and nonlinear perturbation problems of a large inertia load space drive mechanism. The model is a two-stage spur gear model in which the effects of backlash and time-varying stiffness are considered. The 3D model was imported into ADAMS, and the nonlinear dynamic response of the system was studied by motion simulation. This paper sets up a large inertia experimental device to collect and process data. Comparing experimental results with Adams results, the correctness of the numerical model was verified, and the reasons for the differences between the two were explained. A comparative analysis of the load response under different inertia was performed to illustrate the importance of studying large inertia loads. The simulation results show that the output shaft has a great influence on the dynamic response. Changing the material of the gear can improve the transmission precision of the gear system. The analysis results in this paper enrich the research on the dynamic response of gear system, and provide a theoretical basis for the subsequent design of large inertia load gear system and improve vibration and noise during operation.
Introduction
Gears are one of the most widely used mechanical components in mechanical equipment. Gear systems are often used to slow down and increase the available torque, changing the direction of energy transfer. With the wide application of large inertia loads in space drive mechanisms, large inertia brings new problems and challenges to the life, reliability and safety of spacecraft design.
The analysis of the dynamic characteristics of the large inertia load space drive mechanism is less relevant in the theoretical research, which mainly utilizes simulation technology for both analysis and research. Xi'an Research Institute of China Electronics Technology Group Co., Ltd. carried out calculation and dynamic simulation of the torsional vibration resonance frequency of the antenna base drive system [1] . The backlash has strong nonlinear characteristics, so its influence on the gear dynamics as internal excitation is very complicated [2] [3] [4] . Linear dynamic models are not sufficient to describe the dynamic response of mechanical mechanisms, and nonlinear models must be established [5] [6] [7] . Considering the time-varying characteristics of the backlash, Cai [8] proposed a nonlinear model, which is characterized by zero dynamic force when the teeth are not in contact. Litak and Friswell [9] studied the dynamic response of the torsion model of a single-stage gear. The study shows that the nonlinear dynamic response is affected by external excitation. During the meshing process, the number and stiffness of the contact teeth change with time, and the dynamic equation is established based on the elastic theory. The dynamic performance of the gear can be obtained by given parameters [4, 10] . Kahraman [4] proposed a torsional impact model in which the elastic tooth contact is modeled by a time-varying stiffness spring. Shen [11] analyzed the nonlinear dynamics model of gear system including time-varying stiffness and backlash using incremental harmonic balance method. Gear systems for the industrial sector are typically two or more stages to ensure maximum torque [12] . Lassâad Walha [13] established a 12-degree-of-freedom nonlinear dynamic model for a two-stage gear system characterized by the addition of time-varying stiffness and backlash, and the nonlinear system is decomposed into several linear system by Newmark [14] iterative algorithm.
Tianfu Yang [15] considered the impact of a high reduction ratio and studied the dynamic characteristics of the space manipulator, whereas the characteristics of the large inertia load were not analyzed. Zhigang Xu [16] proposed an equivalent simulation method for an excessively large inertia load, simulating the large moment of inertia required by the space manipulator and verified the effectiveness of the method by numerical simulation under different working conditions. Chen Shiqi [17] established a bending -torsion coupling nonlinear dynamic model of a low speed overload planetary gear drive system with friction and studied the effect of friction on the nonlinear dynamic behavior of a low speed overload gear transmission. Ahmed Hammami [18] developed a model of planetary gear torsional concentrated parameter with dynamic recirculation and studied the nonlinear behavior under variable load conditions. In this paper, the large inertia load-space drive mechanism gear reduction system was utilized for the driving of a satellite sun wing. Since the sun wing is required to be changed in real time, according to the position of the sun, the mechanism is required to start and stop frequently at low speed. An apparent phenomenon of disturbance when the mechanism is stopped exists. Therefore, in this paper, the effects of large inertia load torque on the system were focused on.
In this paper, for the time-varying and nonlinear perturbation problems of a large inertia load space drive mechanism, the two-stage spur gear system is taken as the research object, and the dynamic model considering backlash is established, and the kinematics simulation software Adams is used to analysis dynamic characteristics and load response. The Adams analysis has drawn some conclusions, which enriched the research on large inertia loads, and provided an important reference for the actual design of the gear system. Due to the backlash caused by the flank clearance, the two gears that originally meshed with each other may not always remain engaged, especially when the system starts to run. Because the space between the gears exists, the first pinion must be turned over the angle corresponding to the lost motion before meshing with the large gear At this time, the meshing stiffness and are required to be corrected. The corrected meshing line stiffness are:
where ′ -linear time-varying meshing stiffness of the -stage gear transmission, 1, 2; , -the angular displacement of gear 1 and gear 3;
-backlash of the -stage gear transmission. The meshing stiffness of the gear system is approximately parabolic by changing of meshing position. For the determined by the parameter gear pair, the theoretical position of meshing in, meshing out and the joint are fixed. Thus, the time-varying stiffness curve of gear pair 1 and gear pair 2 were obtained by the undetermined coefficient method, as illustrated in Fig. 2 . Then the time-varying stiffness data can be substituted into the dynamics model. Regardless of the influence of tooth shape and pitch error and radial displacement of gear, considering the influence of backlash and time-varying meshing stiffness, the kinetic equations of torsional vibration of two-stage spur gear transmission system is established according to Newton's second law and related dynamics knowledge, as shown in the following:
where -the base radius of each gear of the two -stage gear system, = 1, 2, 3, 4; -the moment of inertia of the gears around the rotating shaft, = 1, 2, 3, 4; , -the moment of inertia of the motor and load; , -motor input torque and the resistance torque of the load; -torsional stiffness of input shaft, intermediate shaft, output shaft, = 1, 2, 3; -the damping coefficient of input shaft, countershaft and output shaft, = 1, 2, 3; -the rotational angular displacement of input shaft, 4 gears and output shaft, = 1, 2, 3, 4, 5;
-the time -varying damping coefficient of gear pair , = 1, 2.
Simulation and experiment

Adams kinematics simulation
For a precision-operated transmission system, the accuracy of the load section is of the utmost concern, so the analysis of the effect of the backlash on the gear system is mainly reflected in the load accuracy at the output shaft. Based on the ADAMS multi-body dynamics solver platform, a nonlinear dynamic model of the gear system considering the time-varying meshing stiffness, meshing damping, motor, load, transmission shaft torsional stiffness and bearing elastic support is established. To study the dynamic characteristics of the gear transmission system more realistically and comprehensively in the ADAMS platform, an improved flex-torsion coupling dynamics model of the gear transmission system is used here. To describe the time-varying mesh stiffness of a gear in ADAMS, an equivalent transformation of the model is required: the meshing relationship between the gear teeth is converted into a force and a couple acting on the centroid of the gear.
The collision parameters of the two-stage gear system are solved according to the parameters of the known gears and the like, as shown in Table 1 . A 3D solid model of gears with a certain level of accuracy is built in SolidWorks and imported into ADAMS. The constraints are added to the model in ADAMS. As shown in Table 2 , the gear mass, moment of inertia, torsional stiffness and damping of the shaft are set to obtain the constraint model, as shown in Fig. 3 . The effects of the backlash on the start, normal operation and stop of the gear system are analyzed by simulating the angular velocity and output response of each gear.
Experiment and correctness verification of simulation model
To verify the correctness of the Adams model of the space-driven gear system, tests were carried out on an inertial load simulator. The three-dimensional model and the physical map of the experimental device are shown in Fig. 4 . The experimental device and data acquisition system are shown in Fig. 5 . The input shaft of the space drive gear system is connected to the stepper motor, and the output shaft is connected to the inertia load simulator. Two eddy current sensors are installed at the radial position of the output shaft to measure the eccentricity of the output shaft. The two eddy current displacement sensor are installed in each of the horizontal and vertical directions of the output shaft section, and the displacement sensor is composed of a probe, a preamplifier, and a signal line. In the static condition, the distance between the front end surface of each displacement sensor and the test surface is about 1 mm. Solving two derivatives with displacement sensor signal, the output shaft vibration acceleration signal can be obtained. The parameters of the two-stage gear drive system are presented in Table 3 . When the load inertia is the default value 25.8, according to the data measured by the eddy current displacement sensor, the time domain curve of the eccentricity of the output shaft is calculated, as shown in Fig. 8 . The time domain curve of the data measured by the vibration acceleration sensor is shown in Fig. 9 . The data is Fourier transformed to obtain the frequency domain curve, and compared with the frequency domain and the curve obtained by solving with Adams, as shown in Fig. 6 and Fig. 7 .
From the frequency domain curves in Fig. 6 and Fig. 7 , it can be seen that the experimental results are in good agreement with the results of the numerical solution. The frequency components are mainly concentrated on the frequency of the input shaft, intermediate shaft, and the meshing frequency of the two-stage gear pair and its frequency multiplier. There are still some frequency components that cannot be analyzed in the experimental results. After adding the constraint, add a torque to the motor to simulate the starting torque of the motor. Set the simulation time 1 s, and the number of simulation steps 10000. The output angular velocity response of gear pair 1 after simulation is as shown in Fig. 8 . It can be seen from Fig. 3 that the output angular velocity of gear pair 1 is finally stabilized after several reciprocating oscillations, and reaches the first maximum 0.3381 rad/s at the time = 0.0387 s, and reaches the negative maximum -0.0878 rad/s at the time = 0.1948 s. The angular velocity has a negative value, indicating that gear 1 has reversed.
In the modeling, the backlash maximum values of gear pair 1and 2are 15.48 μm and 19.02 μm, respectively.
According to the known parameters of the gear, the pitch circle radius of gear 1: = 0.25 * 18 2 mm = 2.25 mm.
The maximum backlash value is = 15.48 μm, and the arc angle occupied by the arc of the index circle is: = 15.48 μm 2.25 mm = 6.88 × 10 rad.
In Fig. 3 , the gear 1 passes through = 0.0387 s to reach the maximum speed = 0.3381 rad/s, and at this time, the angle at which the gear 1 rotates is:
= 0.5 ⋅ = 0.5 * 0.0387 * 0.3381 rad = 6.542 × 10 rad.
Comparing the two angles, we can find that the two angles are not much different. Excluding the accuracy of the Adams simulation calculation and the error of the contact depth of the set, the two angles are approximately equal, which means that is indeed the time it takes for gear 1 to turn over the backlash. Fig. 9 and Fig. 10 are output angular velocity response curves of the gear 2 and the gear 4. The gear 2 and the gear 4 do not start to rotate instantaneously with the start of the motor, and there is a time lag with respect to the gear 1 and the motor due to the existence of the backlash. Each gear pair has a backlash, and the front gear must rotate a certain angle before meshing with the rear gear to drive the rear gear to rotate and finally output to the load. It can be seen from Fig. 3 that the gear 2 starts to rotate at = 0.0389 s and reaches the maximum value of the speed at = 0.1438 s (the gear 2 and the gear 1 rotate in opposite directions, so the angular velocity is negative). Here, the time point at which the gear 2 starts to rotate is exactly the time point when the gear 1 idling reaches the maximum speed, and the time to reach the maximum speed is also the time point at which the gear 4 starts to rotate. It should be noted that the time = 0.0387 s in Fig. 2 and the = 0.0389 s in Fig. 4 are not completely identical. This is due to the effect of setting the contact force during the ADAMS simulation. After a certain contact depth is set, the contact force acts, the time in the two figures is approximate the same time. The time points in other figures are the similar.
Influence of backlash on normal operation of two-stage gear transmission system
The constraint between load and ground in Table 1 above is changed to rotary pair, and the friction at each rotary sub-position is added. The simulation time is set to 50 s and the number of simulation steps is set to 10,000 steps. Set the input angular velocity of the motor to 0 = 0.10472 rad/s. The response curve at the load position is shown in Fig. 11 . It can be seen that the load will still fluctuate around the average angular velocity 0 = 0.10472 rad/s after running for a certain period of time. The maximum fluctuation amplitude reaches 0.001078 rad/s, which exceeds the average 2.94 %. 
Influence of backlash on the stoppage of two-stage gear transmission system
The influence of the backlash on the start-up and normal smooth operation of the two-stage gear transmission is analyzed in the previous section. The following is an analysis of the influence of the motor on the braking. First, the motor's drive function is modified to step(time,0,0,0.01,0.10472)+step(time,35,0,35.01,-0.10472), and let the motor reach the required angular velocity 0.10472 rad/s quickly in the initial time 0-0.01 s. Then the motor maintains the constant input speed during the time 0.01~35 s. Finally brakes at 35 s and the system speed drops to zero. Keeping other constraints unchanged, the simulation is performed again. The simulated output angular velocity response curve is shown in Fig. 12 . The point A: (35, 0.001047) indicates the time point at which the braking starts, and the point B: (39.755, -8.76e -4 ) indicates the maximum reverse angular velocity point of the load after the motor is braked. This is because when the gear system of the current surface decelerates, the rotational inertia of the load is large, and the load continues to rotate due to the inertia, but the speed is reduced due to the torsional resistance torque of the output shaft. When the speed drops to 0, the torsional resistance torque of output shaft reached the maximum, and the load will start to reverse in rotation due to the torque, and reach the reverse maximum speed point at time 39.755 s. It can be simply calculated that the load reaches the negative maximum at the elapsed time 4.755 s, and then the velocity decays to zero after several cycles of reciprocating oscillation.
To investigate the effects of the backlash, the gear pair model without backlash was established again and all simulation settings were consistent with the simulation settings with backlash above. Fig. 13 shows the load simulation curve after the simulation of the gear set without backlash. It can be seen from the figure that the load reaches a negative maximum at time 38.83 s after braking at point ′, and the elapsed time is 3.83 s. Compared to the gear set with backlash, the load takes less time, which is mainly because the gear has a backlash, and the load needs to pass through the backlash before it can mesh with other gears. 
Influence of different factors on the dynamic response of gear system
The large inertia load is taken into account in the dynamic model to simulate and control the motor of the drive mechanism. The gear system quickly reach the required angular velocity in a short time, and maintain a constant speed for a certain period of time. When the brake is applied at 35s, the motor speed is quickly reduced to 0, and the load angular velocity response curve is shown in the red curve of Fig. 9 . In order to study the influence of large inertia loads on the dynamic response of the drive mechanism, the load inertia was reduced to one-tenth of the original and the load angular velocity response curve was obtained, as shown in the blue curve of Fig. 14.   Fig. 14. Comparison of dynamic response under different load inertia From Fig. 14, it can be seen that when the motor start and brake, the load angular velocity response of the drive mechanism under large inertia loads has a significant inertial hysteresis relative to small inertial loads, which is caused by the time-lag effect of large inertia loads. Large inertia loads cause the system to respond slowly, and the dynamic characteristics of each axis are inconsistent, which inevitably causes the TE of the system. When the motor start and brake, the load angular velocity response of the drive mechanism under large inertia loads fluctuates obviously relative to a small inertia load. At this time, the drive mechanism generates large vibration, which results in poor system stability and seriously affects the service life of the drive mechanism. In normal operation, compared with small inertia loads, the angular velocity response of the large inertia load drive mechanism is less frequent, and the operation is more stable. This is because the large inertia load helps to absorb disturbances during operation and has strong anti-disturbance capability. By contrast, it is found that there is a big difference between the dynamic response of the gear system under large inertia load and small inertia load. Therefore, when studying the two-stage straight gear system of space drive mechanism, large inertia load should be taken into account. It is of great significance to study large inertia loads. In the subsequent experimental studies, the transmission errors under different load inertias were analyzed.
Influence of shaft stiffness and damping on dynamic response of gear system
To study the influence of the three internal axes of gear system, the stiffness and damping of the input shaft, the intermediate shaft and the output shaft of the system are respectively modified. Respectively, the stiffness and damping are modified to 50 % and 150 % of the default value to simulate the response of the shaft stiffness to the system under material or diameter changing. Modify the model in ADAMS, remove the constraints at the motor, and add angular velocity to the system. The input angular velocity is set to = 0.10427 rad/s, and a reverse resistance torque = -1 N⋅m is added to the load. Fig. 15 is the corresponding curve of the load angular It can be seen from the figure that for the two-stage gear reduction system, the input shaft and the intermediate shaft have little effect on the load response under the condition of changing the stiffness, while the angular velocity of the load when the output shaft stiffness changed can be clearly seen. As the output shaft stiffness increases, the apparent response speeds up. As in the case of e), the stiffness of the output shaft is 50 % of the default stiffness, the angular velocity of the load is 0.002339 rad/s at time = 10.33 s, while the angular velocity of the load in the f) diagram is only 0.001048 rad/s, which has basically reached the smooth working angular velocity of the system.
The influence of gear materials on the dynamic response of the system
The influence of the gear input shaft, intermediate shaft and output shaft on the vibration system is analyzed in the previous section. The meshing stiffness of the gear is analyzed below. In the ADAMS virtual prototype, the transmission of the gear mainly uses the contact collision between the teeth, and the decisive action is the collision contact stiffness between the teeth.
For gears to set the collision contact between the teeth, the stiffness coefficient can be determined according to the following formula:
Changing the material of the gear can change the impact contact stiffness of the gear without changing the gear ratio and overall geometry of the gear. The gear pair stiffness and damping under different materials are calculated by changing the material of the gear pair respectively. The collision contact stiffness of the gear pair is calculated by Eq. (12) , and the damping is taken 0.1 %-1 % of the stiffness according to the empirical value. Table 4 shows the stiffness values of the gear pairs of 7 different materials. In the default state, the materials of the first and second gear pairs are stainless steel/titanium alloy. Fig. 16 shows the load response curve of the meshing impact position of the 7 sets of different material gear pairs. The impact of the gear drive can be clearly seen from the figure. The combination of the gear pairs of different materials has a great influence on the system.
The fluctuation values of the seven combinations in Fig. 16 are listed in Table 5 . It can be seen from the figure and the table that when the second-stage gear pair uses stainless steel, regardless of whether the first-stage gear uses stainless steel or not, the response amplitude of the load is relatively large. When the second-stage gear pair uses titanium alloy (combination 5, 7), the impact amplitude of the system is lower, which reduces the 22.73 % and 21.82 %, respectively, from the default combined shock fluctuations. When the second-stage gear is made of stainless steel (combination 4, 6), especially when the two-stage gear pair is all made of stainless steel (combination 6), the shock vibration is the largest, and the fluctuation range is beyond the default combination. Therefore, to reduce the impact of the load on the gear system, it is recommended to use titanium alloy materials. 
Conclusions
1) A nonlinear dynamic model of 8-degree-of-freedom two-stage spur gear is established, and the effects of backlash and time-varying stiffness are considered. It is pronounced that compared to the small inertia load system, the load angular velocity response of the drive mechanism under the large inertia load has significant hysteresis.
2) The influence of the backlash on the starting, normal operation and stop of the gear system is analyzed by ADAMS. The stiffness and damping of the shaft and the load response curve under the condition of the gear material are analyzed. The simulation curve shows that the output shaft has a great influence on the system. When the stiffness of the shaft is increased by 0.5 times, the torsional vibration response curve will be obviously decayed rapidly. For the gear pair, the use of titanium alloy material can greatly reduce the amplitude of the stiffness fluctuation at the time of meshing, which is conducive to gear transmission accuracy.
3) This paper enriches the research on the nonlinear model of the two-stage spur gear and the large inertia load, which provides an important reference for the actual design of the gear system. For the time-varying and nonlinear perturbation problems generated by the large inertia load space JOURNAL OF VIBROENGINEERING. FEBRUARY 2020, VOLUME 22, ISSUE 1 drive mechanism, a theoretical reference is provided, and the optimization direction of the gear rotation disturbance is pointed out.
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